Background Intravenous belimumab 10 mg/
Methods Non-linear mixed-effects modeling (NON-MEMÒ) was used to develop a population pharmacokinetic model and perform a covariate analysis. Subsequently, exploratory exposure-response analysis and logistic regression modeling was performed based on the individual parameter estimates of the population pharmacokinetic model. Results Population-pharmacokinetic parameters for subcutaneous belimumab were consistent with those for intravenous belimumab and other immunoglobulin G1 monoclonal antibodies. Pharmacokinetic parameters and subcutaneous belimumab exposure were consistent between healthy subjects and patients with systemic lupus erythematosus, and no evidence for target-mediated disposition of belimumab was found. Subcutaneous belimumab steady-state exposure was achieved after *11 weeks; subcutaneous belimumab steady-state minimum concentration exceeded that of intravenous belimumab after \4 weeks, and average steady-state concentration was similar to that achieved following intravenous administration. In patients with moderate-to-severe systemic lupus erythematosus, subcutaneous belimumab 200 mg once weekly plus standard of care significantly improved the systemic lupus erythematosus responder index. However, at this dose, the systemic lupus erythematosus responder index response was not significantly associated with belimumab exposure concentrations. Conclusion The analysis demonstrates that a 200-mg onceweekly dose of belimumab is appropriate for subcutaneous administration in patients with systemic lupus erythematosus and that no dose adjustments are required for adult patients to maintain efficacy and safety.
Electronic supplementary material The online version of this article (doi:10.1007/s40262-017-0586-5) contains supplementary material, which is available to authorized users. patient convenience and independence, and reduce the overall healthcare burden of belimumab treatment [10] [11] [12] [13] [14] . The ability to administer treatments away from the clinic can largely eliminate substantial time and financial costs associated with travel to/from the drug-administering site, for the infusion itself, and for post-infusion monitoring. In a study of patients with rheumatoid arthritis, more patients chose SC treatment than IV treatment, with the reduced need to travel to receive an infusion being an influential factor [15] . A popPK model comparing IV with SC belimumab has previously been developed using pooled data from two phase I studies (BEL114448 [NCT01583530] and BEL116119 [NCT01516450]) in healthy subjects [12] [13] [14] . This present analysis characterizes the popPK and exposure-efficacy response of belimumab following SC administration in a pooled analysis of PK data from these aforementioned phase I studies in healthy subjects [12, 14] , combined with PK and pharmacodynamics (PD) data from a large phase III study in adult patients with SLE [BEL112341 (NCT01484496)] [10].
Methods

Objectives
The objectives of the popPK analysis were to develop a model that characterizes the PK disposition of SC belimumab following 200-mg weekly (QW) administration in healthy subjects and patients with SLE, to evaluate the potential effect of selected covariates on key PK parameters, and to estimate individual subject PK parameters such as steady-state area under the curve, average steady-state concentration (C avg ), steady-state maximum concentration, steady-state minimum concentration (C min ), elimination half-life for the first phase, elimination half-life for the terminal phase, and steady-state volume of distribution. In addition, an exploratory exposure-response analysis was proposed, plotting exposure (C avg ) vs. the selected PD/efficacy/safety endpoints at week 52, alongside a popPK/PD analysis on a selected PD/efficacy/safety endpoint(s) of special interest (phase III study only).
Study Design
In this popPK/PD analysis, PK data from 688 individuals from three studies [phase I: BEL116119 and BEL114448 (n = 134); phase III: BEL112341 [10] (NCT01484496; n = 554)] and PD data from BEL112341, for which the methods and results have been described previously [10, 12, 14] , were analyzed using a popPK/PD approach ( Table 1) . The primary efficacy endpoint for Study BEL112341 was the SLE responder index 4 (SRI4), a [10] . All subjects with evaluable dosing, actual sampling time, and belimumab concentration data were included in the popPK dataset and analysis. All subjects and placebo subjects with evaluable PD efficacy/safety data were included in the popPK/PD dataset and analysis.
Assay Methods
Serum concentrations of belimumab were determined by a validated electrochemiluminescence-based immunoassay with a lower limit of quantitation of 100 ng/mL of belimumab in human serum.
Modeling
Software and Estimation Methods
Models were developed with a non-linear mixed-effects modeling approach using NONMEM Ò Version VII level 3.0 (ICON Development Solutions, Ellicott City, MD, USA) and PDx-Pop (Version 5.1). Population pharmacokinetic parameters were estimated using the first-order conditional estimation method with interaction; popPK/PD (logistic regression) parameters were estimated using the Laplace estimation method.
Population Pharmacokinetic Model Development
A linear two-compartment model (ADVAN3, TRANS4 subroutine) was chosen as the structural PK model, based on the previously characterized IV popPK model [7] , and two-compartment behavior was confirmed via exploratory data analysis of the serially sampled IV/SC PK data. Firstorder absorption into the central compartment with rate constant and a lag time was added to model the SC data.
Inter-individual variability was tested and included with lognormal random-effect distributions. A hybrid full model/backward elimination approach was used to develop the covariate model. The full model was determined by a selection of 26 covariate effects guided by the covariate analysis for the IV popPK analysis. The full model was reduced to the final model by step-wise removal (backward elimination) of effects not meeting the statistical significance criterion (a = 0.001, as for IV popPK analysis).
The model was qualified with diagnostic plots, visual predictive checks (500 data sets), and with a non-parametric bootstrap analysis (500 datasets, random sampling with replacement with subjects as the sampling unit). Following popPK model development, PK profiles were simulated using population parameters from this analysis for the SC curves (Table 3 ) and from the IV popPK model [7] for the IV curves. Steady-state parameters were derived from profiles following 24 weeks of dosing.
Population Pharmacokinetic/Pharmacodynamic Model Development
Following a graphical exposure-response analysis for selected PD/efficacy/safety endpoints, a logistic regression model was developed to characterize SRI4 response in relation to C avg (generally considered relevant for both efficacy and safety dose response) and other subject characteristics as potential predictors of efficacy. The probability of being a SRI responder was obtained by the equation:
When the observed response is 0, the variable to be fitted is Y = 1 -P and when the observation is 1, Y = P.
The main logistic regression analysis was applied to the combined placebo and belimumab-treated SRI data set. Consistent with covariate model development of the popPK model, this model was developed using a hybrid full model/backward elimination approach to identify significant predictors (a = 0.05). The full covariate model included the effects of 18 predictors including demographic variables, baseline disease characteristics, presence of co-medications, and belimumab exposure (difference of C avg to median C avg in the belimumab-treated population). To characterize the SRI response in belimumab-treated patients, these covariate effects were only applied to belimumab-treated patients; the response for placebo patients being represented by the intercept parameter. The final model was derived by stepwise backwards elimination of effects not meeting the significance criterion for the loglikelihood ratio test.
In a sensitivity analysis to explore any impact of placebo data on the effects retained in the final model of the main analysis, an alternate analysis was conducted by restricting the exposure-response data to belimumabtreated patients only, i.e., removing data for placebo patients. The final model of the sensitivity analysis was derived by constructing a full model with the same covariate effects (except for the treatment effect) as in the main analysis and applying the same stepwise backwards elimination procedure to arrive at an alternate final model.
Results
Population-Pharmacokinetic Model
Subject Disposition
A total of 4958 belimumab concentrations (on average, seven per subject) from 688 healthy volunteers and patients with SLE were included in the popPK analysis ( Table 2) . Of these 4958 concentrations, 2298 were contributed by 134 subjects who were serially sampled [17 concentrations per subject on average, from healthy volunteers in two phase I studies (BEL116119 [12] and BEL114448 [14] )] and 2660 concentrations were contributed by 554 patients who were sparsely sampled [five concentrations per patient on average, from patients with SLE in one phase III study (BLISS SC BEL112341 [10] )]. Quantifiable pre-first dose concentrations from six subjects were excluded from the analysis. Study-specific median values were imputed for missing continuous covariate values in the dataset.
Population Pharmacokinetic Modeling
The pharmacokinetics of SC belimumab was best described by a linear two-compartment base model with an Fig. 1b ) on CL. In general, belimumab CL increased with increasing levels of baseline IgG (power coefficient of 0.347). An inverse relationship was seen between baseline albumin levels and belimumab CL, whereby CL decreased with albumin (power coefficient of -0.736). The only pharmacokinetically relevant covariates (defined as a change relative to the population median beyond the -20 to ?25% range in CL or V c for the 5th to 95th percentile range of the patient covariate distribution) were BMI and body weight. The predicted effects of age, sex, race, disease activity, concomitantly administered medications (corticosteroids, angiotensin-converting enzyme inhibitors, azathioprine, methotrexate, mycophenolate mofetil, antimalarial medications, statins, non-steroidal anti-inflammatory drugs, and aspirin), baseline characteristics, or other tested factors were neither statistically significant nor pharmacokinetically relevant (the exposure-response analysis demonstrated that the SRI response was at the 200-mg QW dose level, which is not significantly correlated with exposure variability). Pharmacokinetic parameters and SC belimumab exposure were consistent between healthy subjects and patients with SLE.
The parameters of the final SC belimumab popPK model were estimated with good precision (relative standard error % 0.3-28%) and agreement between model and bootstrap parameters ( Table 3 ). Goodness-of-fit plots for the final model indicate that the model provided an appropriate description of the data (Fig. 2) . Visual predictive checks indicated that the final model represented both central tendency and variability of belimumab pharmacokinetics well for both routes of administration ( Fig. 3 ) and for each Based on the popPK parameters, belimumab is absorbed following SC administration with a lag time of 0.18 days, absorption half-life of 3 days, and bioavailability of 74%. Key structural popPK parameters included total systemic CL of 204 mL/day; V c and volume of distribution of the peripheral compartment (2300 and 2650 mL, respectively); and inter-compartmental CL of 698 mL/day (Table 3) . A terminal half-life of 18 days, distribution half-life of 1.1 days, and steady-state volume of distribution of 4950 mL were derived from the structural parameters.
To compare chronic exposures resulting from the IV dosing regimen approved for SLE with the SC phase III dosing regimen, PK profiles based on the popPK parameters of the IV [7] and SC models were simulated ( Fig. 4 , solid line). First-dose and steady-state time to maximum concentration for SC belimumab were shown to be 5.5 and 2.6 days, respectively. Steady-state exposure for SC belimumab was reached after approximately 11 weeks of 200-mg QW dosing (at C11 weeks C min exceeds 95% of steady state C min ). Steady-state area under the curve from pre-dose to the end of the dosing interval for SC belimumab 200-mg QW dosing was 726 day 9 lg/mL, and steady-state maximum concentration, C min , and C avg were 108, 97, and 104 lg/mL, respectively ( Fig. 4 ). Subcutaneous belimumab C min exceeded that of IV belimumab steady-state C min after \4 weeks, and C avg of SC belimumab was similar to that achieved following IV administration (Fig. 4) .
To illustrate how the impact of body weight and BMI on chronic exposure differs between weight-proportional IV and fixed SC dosing, two additional PK profiles for a lowweight and heavy subject were simulated by setting both body weight and BMI to the 5th and 95th percentiles, respectively, in Study BEL112341 (Fig. 4 , dotted and dashed lines, respectively, other covariates were kept at median values). As expected, increased body size resulted in a smaller exposure for SC belimumab and a larger exposure for IV belimumab (and vice versa), while the range of deviation from the prototypical popPK profile was comparable for both routes of administration. Figure 3 of the ESM illustrates this relationship by comparing individual C avg estimates for this and the IV popPK analysis [7] : geometric means and ranges of C avg are well matched between SC 200-mg QW dosing and IV 10-mg/kg every 4 weeks dosing with reversed trends in relation to body weight.
Exposure-Response Analysis
Patient Disposition
A total of 833 patients (554 on belimumab and 279 on placebo; all from Study BEL112341) had SRI response values that were included in the popPK/PD analysis. In the belimumab arm, 340/554 (61%) patients were responders and 214/554 (39%) were non-responders; in the placebo arm, 135/279 (48%) patients were responders and 144/279 (52%) were non-responders.
Graphical Exposure-Response Analysis
Selected efficacy (SRI, change from baseline in SELENA-SLEDAI at week 52), safety (presence of serious adverse events, presence of serious infections), and PD data (change from baseline of naïve peripheral B cells, complement C3, complement C4, anti-double-stranded DNA antibody level, and IgG at week 52) were graphically examined for a relationship with SC belimumab exposure (C avg ). For the safety endpoints, the C avg interquartile ranges of subjects with serious adverse events or infections contained the interquartile ranges of subjects without such events ( Fig. 1 of the ESM) . Similarly, none of the other endpoints showed a strong consistent correlation with SC belimumab exposure (data not shown).
Systemic Lupus Erythematosus Responder Index Logistic Regression Modeling
To identify any predictors of efficacy and to further explore (the lack of) exposure effects on efficacy, a logistic regression analysis of the SRI, the primary efficacy endpoint, was conducted. The starting point was a logistic regression model with the following candidate predictors applied to belimumab-treated patients: sex, age, race categories, body weight quartiles, SELENA-SLEDAI score, anti-double-stranded DNA antibody presence, low complement, proteinuria, belimumab treatment, difference to median belimumab steady-state C avg , corticosteroid treatment, antimalarial treatment, and immunosuppressant treatment.
After reducing the full model to statistically significant predictors (a = 0.05), only the following effects remained in the final model (Table 4) . A baseline SELENA-SLEDAI score C10 or American Indian/Alaska Native ethnicity was found to increase the probability of being an SRI responder for patients treated with belimumab; baseline proteinuria [0.5 g/24 h or African American ethnicity decreased the probability of being an SRI responder for these patients (Fig. 5 ). For patients with SLE receiving belimumab 200 mg QW, exposure variations were not a significant predictor of SRI response, whether the exposure effect was implemented linearly (change in objective function The effects retained in the final model of the main analysis were also significant, with qualitatively similar parameter values in the final model of the sensitivity analysis, which was restricted to belimumab-treated patients. Furthermore, in the sensitivity analysis, the exposure effect was not statistically significant. The sensitivity analysis retained one additional predictor, namely baseline corticosteroid use increasing the likelihood of SRI response (removal of which resulted in a change in objective function value = -4.53, i.e., the effect was significant at the a = 0.05, but not at the a = 0.01 level).
Discussion
Population-pharmacokinetic model parameters for SC belimumab in this analysis were consistent with outcomes from the IV belimumab popPK analysis [7] and with results reported for other IgG1 monoclonal antibodies without substantial target-mediated disposition [16] . The bioavailability of SC belimumab was estimated to be 74%. Subcutaneous belimumab 200 mg QW in patients with SLE resulted in steady-state belimumab C avg ; similar to the C avg seen for IV 10-mg/kg dosing [7] . The efficacy of SC belimumab [10] is at least equivalent to that observed in the IV belimumab pivotal trials [4, 5] , with a similar safety profile. These results indicate that SC belimumab 200-mg QW dosing is suitable for SC administration in patients with SLE.
The derivation and analysis of the popPK model largely reflect phase III study data, which constitute the majority of the data analyzed. These data provide the primary evidence for the safety and efficacy of belimumab in patients with SLE, and consequently the model can be considered to reasonably predict the serum drug concentrations of SC belimumab expected in clinical practice.
No effects of patient age, sex, race, disease activity, comedications, or baseline characteristics were found to alter SC belimumab exposure in a manner to suggest that dose adjustments are required for maintenance of efficacy and safety in adults with SLE. Higher levels of baseline albumin were shown to decrease belimumab CL. A high albumin level may be an indicator of a high degree of neonatal Fc receptor (FcRn) expression, leading to a high degree of protection of IgG and albumin from lysosomal degradation [17] and therefore also to reduced belimumab CL. By comparison, higher baseline IgG levels increased the CL of belimumab, likely owing to increased competition between endogenous IgG and belimumab for binding to saturable levels of FcRn. These two effects are not contradictory as albumin and IgG bind to different sites on FcRn and do not compete for binding with FcRn [17] . Therefore, albumin might be an indicator of the total capacity of FcRn-mediated recycling, while endogenous IgG levels indicate how much of that capacity can be used by exogenous IgG, such as belimumab. These effects of albumin and IgG on belimumab CL are consistent with similar size effects identified in the earlier IV belimumab popPK analysis [7] , and have also been previously observed for other monoclonal antibodies [16] .
As expected, with BLyS (the target of belimumab) levels (median 1.31 ng/mL) being several orders of magnitude lower than steady-state belimumab concentrations, no evidence for substantial target-mediated disposition of belimumab was found. The serially sampled PK profiles of the IV and SC phase I studies [7, 12, 14] reflect linear elimination kinetics and no substantial contribution of target-mediated clearance at the observed exposure concentrations. This was confirmed during the covariate analysis by the fact that neither BLyS levels nor other disease characteristics had a significant impact on belimumab clearance. However, target-mediated clearance at very low belimumab exposures only relevant in the late wash-out phase cannot be excluded.
The logistic regression analysis demonstrated that among the candidate effects, only baseline disease characteristics (high SLE disease activity, proteinuria) and two of the race categories were significant predictors of SRI response. These predictors are consistent with the results the subgroup analysis carried out as part of the statistical analysis for Study BEL112341 [10] ; however, their clinical significance is not known. The analysis further demonstrated that SC belimumab exposure did not have a statistically significant impact on the SRI response or on the incidence of serious adverse events. This was consistent with a graphical exposure-response analysis for key biomarkers (naïve B cells, IgG, anti-double-stranded DNA antibodies, and complement) in Study BEL112341, which did not reveal a dependence of the biomarkers response at week 52 on C avg (data not shown). Moreover, these exposure response results for SC belimumab results are consistent with the dose response seen in the phase III IV belimumab studies [5, 7] . The 10-mg/kg dose groups were consistently superior across multiple efficacy endpoints compared with the 1-mg/kg dosing groups in the IV phase III studies, which led to the choice of the 200-mg weekly SC belimumab dose as the SC dose approximating the C avg for IV 10-mg/kg every 4 weeks dosing. However, the increase in efficacy for the 10-mg/kg IV dose was relatively moderate given the tenfold difference in dose, which is consistent with the interpretation that the 200-mg dose results in a range of exposures located in the shallow upper domain of a saturating exposure-efficacy response curve. Surprisingly, in the combined belimumab/placebo population of the BLISS-SC study, the odds ratio of SRI response was numerically improved for patients with SLE in the heavier body weight quartiles [10] . The SC belimumab popPK/PD analysis demonstrated that no dose adjustment is required based on body weight or other analyzed patient characteristics.
Conclusion
This analysis indicates that belimumab 200 mg QW is appropriate for SC administration in patients with SLE and that no dose adjustments are required for adult patients to maintain efficacy and safety.
